The structural change upon annealing of an amorphous GeSbTe (GST) film deposited by molecular beam epitaxy on a Si(111) substrate is studied by means of X-ray diffraction (XRD), X-ray reflectivity (XRR), and atomic force microscopy (AFM). XRD profiles reveal that both metastable cubic and stable hexagonal phases are obtained with a single out-of-plane orientation. XRR study shows a density increase and consequent thickness decrease upon annealing, in accordance with literature. From both, the XRD and the AFM study, it emerges that the crystalline substrate acts as a template for the film, favoring the crystallization of the amorphous GST into the [111] oriented metastable cubic phase, and the latter turns into the [0001] stable hexagonal phase for higher annealing temperature. V C 2014 AIP Publishing LLC. [http://dx
INTRODUCTION
Phase change materials (PCM) are at the base of the well established optical storage technology, in virtue of the strong optical contrast exhibited between their amorphous and crystalline phases. Additionally, the switching between those two phases takes place fast and reversibly.
1,2 Thorough understanding of the switching mechanism, although mandatory for both fundamental knowledge and technological applications, has not been accomplished yet. [3] [4] [5] Recently, it was shown that atomic disorder influences enormously the electrical transport properties of GeSbTe (GST), 6, 7 leading to the conclusion that a high degree of control on the ordering of GST, through for instance simple techniques, such as annealing, is very much desirable.
Effects of thermal crystallization on the structure of the GST alloy, which is the one we focus on in the present work, have been already widely studied. [8] [9] [10] In general, the films used in those previous investigations are produced by sputtering techniques and grown on Si substrates covered by native SiO 2 . The compound is deposited in the amorphous phase and subsequently switched to the crystalline phase by annealing it around the crystallization temperature. 8, 9 This procedure leads to the formation of polycrystalline grains. To date only this material has been used for fundamental research, aiming at understanding the detailed structural properties related to the switching characteristics and to the ordering process. Deeper insight in the crystallization process of GST from the structural point of view might be offered if, instead of polycrystalline, samples with higher structural perfection are investigated. To this aim, we present a study of the crystallization of a 20 nm thick GST amorphous film grown on a crystalline Si(111)-(7 Â 7) substrate.
EXPERIMENT
The GST film was deposited at room temperature via molecular beam epitaxy (MBE) on a Si(111)-(7 Â 7) reconstructed substrate, as controlled by in situ reflection highenergy electron diffraction (RHEED), not shown here. Separate effusion cells were used to evaporate Ge, Sb, and Te using temperatures set in order to give a nominal Ge 2 Sb 2 Te 5 composition. The entire growth process was followed in real time by means of in situ RHEED [11] [12] [13] and the film was deposited in the amorphous phase as confirmed by the RHEED (not shown) and ex situ X-ray diffraction (XRD) measurement (Fig. 1, black curve) . One piece of the amorphous GST/Si(111) sample was repeatedly annealed at increasing temperatures (T A ) in a rapid thermal annealing (RTA) furnace under 1 bar nitrogen atmosphere. The temperature range of the study is (85 -350) C with annealing time (t A ) of 10 min and RTA ramp fixed at T A /10 ( C/s), in order to ensure that the structural changes occur during the stable temperature plateau T A . Between two successive annealing steps, the sample structure was investigated by means of ex situ X-ray reflectivity (XRR), XRD, and atomic force microscopy (AFM). In addition, several isothermal annealing experiments were performed on different pieces of the same amorphous GST sample. The diffractometer used for characterization of the sample is a Panalytical X' Pert PRO MRD system with Ge (220) hybrid monochromator, employing a CuKa 1 (k ¼ 1.540598 Å ) X-ray radiation. . At T A ¼ 230 C, additional peaks appear, indicating that also the stable hexagonal phase was obtained in the GST film. In a recently published paper, 14 we demonstrated that for epitaxial GST samples grown on Si(111), the GST out-of-plane lattice constant of the cubic phase can be used as a measure of the composition. From shift of the peak position from the cubic to the hexagonal phase, we can conclude that the sample composition slowly changes from a Ge 2 Sb 2 Te 5 value towards the Ge 1 Sb 2 Te 4 . All the peaks of the hexagonal stable phase are found to match well with the Ge 1 Sb 2 Te 4 composition present in database. 15 The shift of the GST(222) peak toward higher scattering vector values in Fig. 1 could be ascribed to a change in composition in the film upon annealing. Phase segregation 16, 17 cannot be definitely excluded even if in the out-of-plane scans ( Fig. 1 ) no additional peaks attributed to different phases are detected, thus we can conclude that no additional phases are distinguished within our measurement sensitivity. During the annealing, it is reasonable to assume a composition change toward the Ge 1 Sb 2 Te 4 which then remains the same in the whole stable hexagonal phase until desorption starts to degrade the sample (as discussed below). Both the cubic and the hexagonal phase of the GST film exhibit a high degree of texture in the out-of-plane direction, since the film is only [111] and [0001] oriented for the cubic and the hexagonal phase, respectively. This finding differs from former studies of sputtered GST on non crystalline substrates. 9 Thus, we assert that the crystalline substrate acts as a template for the crystallizing GST film in the cubic phase, since they share the same out-of-plane orientation [111]Si jj [111]GST. This feature was also reported by Rodenbach et al. 18 for laser amorphized and recrystallized GST, epitaxially grown on crystalline substrates. This furthermore shows the technological relevance of GST alloys produced by MBE. In addition, it is significant to underline that the cubic and hexagonal structures are quite similar, the cubic unit cell can be found repetitively in the bulk hexagonal crystal phase, however, the translational symmetry of the cubic cell is interrupted by Te-Te layers in the hexagonal crystal. 19, 20 Thus, once the material is in the cubic phase with the [111] direction oriented out-of-plane, the effect accomplished offering further thermal budget is that of bringing the GST film in the stable hexagonal phase which adopts the [0001] out-of-plane orientation and retains it parallel to the [111]Si orientation. The metastable cubic phase of GST is the technologically relevant one, as it reversibly switches into the amorphous phase during the phase change process.
The behavior of the GST(222) peak for increasing T A is shown in Fig. 2(a) . The data suggest that the crystallization process starts at T A ¼ 110 C and finishes at T A ¼ 125 C since no relevant change happens between T A ¼ 125 C and 135 C. The GST peaks are all fitted using a Gaussian function and all the FWHM were extracted. The FWHM has a value of 1. 15 at T A ¼ 110 C and decreases reaching a constant value of 1 for T A between 120 C and 135 C. In Fig.  1 , several AFM images, acquired for the as deposited sample and after annealing, are shown. No appreciable changes in surface morphology and roughness (rms) are observed up to an annealing temperature of 135 C (left side of Fig. 1) . The rms has a value of 4 Å within the amorphous to cubic transition, indication of a very smooth surface. It can be noticed that at T A ¼ 135 C, the temperature at which the film is saturated in the cubic phase (in accordance with XRD analysis), pits (of higher contrast) are present on the surface. The coverage of the pits amounts to 1% within the cubic phase (125 C -135 C). It is important to remark that in the range of T A ¼ 110 C -120 C (not shown), the temperature at which the GST film starts to crystallize (Figs. 2(a) and 2(b) ), the surface shows no morphology change and no spots. Thus, our AFM study suggests that the crystallization starts inside the GST film and reaches the surface at T A ¼ 125 C. Since no other changes are shown by either XRD profiles or AFM images we conclude that, around this temperature, the crystallization in the cubic phase is completed. Our AFM results suggest that compared with those reported by Kalb et al. on the crystallization of polycrystalline films, 8 the crystallization mechanism is different in these two cases, as discussed later.
As already mentioned, the film turns hexagonal at higher T A , and the behavior of GST(00012) peak is shown as a function T A in Fig. 2(b) . The intensity increase of the peak is clearly visible for T A ¼ 230 C and T A ¼ 240 C. However, for further increasing temperature until T A ¼ 270 C, it remains constant, suggesting that the crystallization in the hexagonal phase is accomplished. In addition, for rising temperatures from T A ¼ 300 C up to 350 C, the peak intensity decreases. It is interesting to note that the thickness fringes around the peak are reduced above T A ¼ 300 C. The behavior of the intensity of the peaks is in accordance with that of the FWHM (not shown). In fact, the FWHM stays at a constant value of 0.47 for T A between 240 C and 270 C and an abrupt increase is observed starting from T A ¼ 300 C. These findings lead to the conclusion that the range of temperature between 230 C and 270 C is the region in which the hexagonal Ge 1 Sb 2 Te 4 film has its higher structural quality, while at T A ¼ 300 C decomposition becomes relevant, degrading the quality of the film.
The above results are in agreement with the AFM study of the surface morphology. In Fig. 1 (right side) , the images corresponding to the hexagonal Ge 1 Sb 2 Te 4 for T A ¼ 230 C and T A ¼ 310 C are shown in the lower and upper corner, respectively. The rms of the surface roughness for T A ¼ 230 C is 7 Å , higher than in the cubic phase (T A ¼ 135 C left side upper corner of Fig. 1 ) and stays around this value for higher T A . Starting from T A ¼ 310 C, both the morphology and the rms roughness change significantly, clearly suggesting a degradation of the sample upon annealing.
Studies on polycrystalline PCM and, in particular, on GST, reveal an increase in film density and a decrease in thickness upon annealing and consequent phase transitions. [21] [22] [23] The well established phase change recording technology is based on the reversible switching between the amorphous and metastable phase of thin phase change film in devices. It is then easy to understand how the stress introduced by the change of density and thickness upon annealing strongly affects the durability of the device itself. In the following, an analysis of XRR profiles of the as deposited amorphous GST/Si(111) and after annealing is presented in order to study the behavior of film thickness and density upon transformation from the amorphous to the metastable cubic phase. Fig. 3 compares the XRR patterns of the as deposited with the one obtained at T A ¼ 135 C, for which we assume the crystallization process of the metastable phase to be completed. The total reflection edge is enlarged for the sake of clarity and shown in the inset (a) of Fig. 3 . It is evident that the edge of the annealed film shifts toward higher angles, indicating that the film has a lower density in the amorphous phase than in the crystalline one. From the comparison of the period of the interference fringes, which are labeled as Dh amorphous and Dh cubic for the amorphous and cubic film, respectively (see inset (b) of Fig. 3 ), information about 
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thickness change upon annealing can be extracted. In particular, the oscillations of the crystalline sample display a larger oscillation period, if compared with the amorphous one. Hence, a reduction in film thickness occurs upon annealing. The curves show no relevant decay of oscillation amplitude, suggesting that the interface roughness does not increase significantly. A change in surface roughness can be discarded too, as no fast decay of the XRR signal is detectable. This finding is in agreement with the AFM measurements as shown in Fig. 1 (left side) .
In order to obtain quantitative information on the thickness (t), surface roughness (rms) and density (q), a fitting procedure for the XRR curves is applied using the X'Pert reflectivity program. Results from the as deposited film and the film annealed at T A ¼ 110 C (starting crystallization) and T A ¼ 135 C (crystallization process finished) are compared. Fig. 4 shows the measured XRR curves superimposed to the fitted ones. The model used for the fitting is as following: the amorphous sample was considered as a GST layer on a Si(111) substrate. For the film annealed at T A ¼ 110 C and T A ¼ 135 C in addition, an oxidized GST thin layer on top was considered. The model (not to scale) is shown in the insets of Figs. 4(a)-4(c) , where values for q, t, and rms of the film are given, as obtained by fitting. The density of the GST film increases, as expected, upon crystallization. The total change in density between the amorphous and the completely crystalline film amounts to 6.4%. The thickness of the GST film, between the amorphous and the annealed film at T A ¼ 110 C, decreases from a value of 19.81 nm to a value of 17.37 nm. A further decrease takes place after annealing at T A ¼ 135 C to a value of 15.85 nm. As shown qualitatively in the inset of Fig. 4(c) , the oxidized layer thickness at the surface increases with increasing T A , which is reasonable considering that the oxygen diffusion increases with temperature. The total thickness, given by the sum of the GST and the oxidized layer, decreases upon annealing pointing at volume shrinking after crystallization. The thickness difference between the amorphous and the completely crystalline phase (considered without the 3 nm layer of oxide) amounts to 5.7%. This reduction compares well with the density increase, indicating that no material is lost through evaporation. The values of roughness obtained by XRR analysis fairly well agree with those gained by AFM. However, the XRR values are systematically larger and this is due to the larger area measured as compared with AFM (mm 2 versus lm 2 ). Nevertheless, since the surface roughness values obtained from the three fittings in Figs. 4(a)-4(c) are quite similar and not higher than 9 Å , which is indeed a fairly low value, we can conclude that the morphology of the film surface is not changing upon annealing, in agreement with the AFM analysis.
The same analysis was performed also for the hexagonal phase, comparing XRR profiles for the metastable phase (T A ¼ 135 C) and the stable phase annealed at T A ¼ 230 C. The total reflection edge does not shift toward higher angles for the hexagonal phase, indicating that the sample density after annealing does not increase significantly. In previous studies on polycrystalline films, 3 it was shown that the increase of density between the metastable and stable phase is considerably lower than that between the amorphous and the metastable phase. This is in agreement with our results.
Two isothermal experiments at T A ¼ 120 C and T A ¼ 140 C were performed. Depending on T A , two different time scales of crystallization are obtained. It takes at least 15 -20 h to obtain a crystalline film for T A ¼ 120 C, while for the higher T A ¼ 140 C, the process develops in less than 10 min. An estimation of the speed of crystallization is obtained for the sample isothermally annealed at T A ¼ 140 C using the net area under the peaks (which were normalized to the same background), which gives the percentage of crystallization of the film. Thus, knowing the total thickness from XRR (19,4 nm) , it is possible to deduce the thickness of the crystallized layer. This value is plotted versus t A in seconds, and shown in Fig. 5 . Two regions are clearly distinguishable: region I for which the crystallized thickness increases linearly indicates that the crystallization front grows at a constant velocity as reported for polycrystalline GST, too. 8 Instead in region II, the crystallized thickness stays constant and this strongly suggests that the crystallization process is completed.
Furthermore, as after an annealing of 300 s, no GST(222) peak was detected, we can conclude that an incubation time is present. Due to lack of further experimental data between 300 s and 600 s, we cannot identify precisely the incubation time and can only conclude that 300 s is its lower limit.
Fitting linearly the data of region I, it is possible to extract the crystallization speed of the front which is 28 pm/s. From literature, a speed of crystallization of approximately 1000 pm/s is reported for a polycrystalline GST annealed at the same nominal temperature (T A ¼ 140 C). 8 The value obtained in our experiments is lower, but this finding is not surprising. In fact, it is important to note that the disagreement could be due to the measurement of real temperature in annealing experiments performed with different equipments; indeed, as already pointed out, a change of several degrees can strongly affect the crystallization speed. 8 The combination of both XRD and AFM measurements suggests that the crystallization process begins after an incubation time and develops within the sample (see inset of Fig. 5) ). In particular, we assume as the most likely mechanism of crystallization the one in which the crystallites do not nucleate randomly in the GST volume, but at the interface between the Si substrate and the first layers of amorphous GST. A crystalline front is then formed with the orientation of the substrate template. The crystallization is dominated by the front growth in the out-of-plane direction until the amorphous GST is completely crystallized.
CONCLUSIONS
In conclusion, the present study demonstrates that both the metastable cubic and stable hexagonal crystalline phases can be obtained by annealing an amorphous GST film deposited by MBE on a Si(111) substrate. XRD profiles show that the substrate and the film share an out-of-plane epitaxial relationship: for the metastable phase [111]Si jj [111]GST and for the hexagonal phase [111]Si jj [0001]GST, respectively. In both cases then, the GST film presents a higher degree of texture in the out-of-plane direction if compared with the GST deposited by sputtering on SiO 2 . AFM images suggest that the nucleation starts and develops inside the GST amorphous matrix and most probably at the interface between the film and the Si(111) substrate, which acts as an epitaxial template. Analysis of the XRR curves indicates a decrease in thickness and increase in the GST density with increasing annealing temperatures, in agreement with previous studies. 22, 23 This enforces previous evidence 18 that the MBE produced material is consistent with the one deposited by PVD. C. In region I, we assume that the front grows with a constant crystallization speed obtained from the slope of the linear fit; in region II, the crystallization is completed and an enhancement of the crystalline quality takes place. The inset shows the most likely mechanism of crystallization of the GST film.
